Pulsed resonant fluorescence is used to probe ultrafast phonon-assisted exciton and biexciton preparation in individual self-assembled InGaAs quantum dots. By driving the system using large area (≥ 10π) near resonant optical pulses, we experimentally demonstrate how phonon mediated dissipation within the manifold of dressed excitonic states can be used to prepare the neutral exciton with a fidelity ≥ 70%. By comparing the phonon-assisted preparation with resonant Rabi oscillations we show that the phonon-mediated process provides the higher fidelity preparation for large pulse areas and is less sensitive to pulse area variations. Moreover, by detuning the laser with respect to the exciton transition we map out the spectral density for exciton coupling to the bulk LA-phonon continuum. Similar phonon mediated processes are shown to facilitate direct biexciton preparation via two photon biexciton absorption, with fidelities > 80%. Our results are found to be in very good quantitative agreement with simulations that model the quantum dot-phonon bath interactions with Bloch-Redfield theory.
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Due to their discrete electronic structure and strong interaction with light, self-assembled quantum dots (QDs) are often described as artificial atoms in the solid state. Indeed, many quantum optical experiments have recently been performed that exploit these atom-like properties; specific examples including deterministic single [1] and entangled photon generation [2] , Rabi oscillations [3] , Mollow triplet physics [4] , optical spin pumping [5] , coherent optical spin control [6] [7] [8] [9] [10] and, most recently, spin-photon entanglement [11] [12] [13] . Moreover, in cavity QED experiments [14] remarkable effects such as photonblockade or photon-tunneling have opened the way to exploit QDs to generate novel quantum states of light [15] . In all these experiments, the solid state environment of the QDs manifests itself primarily in coupling to acoustic phonons -an effect that is unwanted since it results in decoherence of the quantum state, particular examples include incoherent population transfer between a QD and a detuned microcavity mode [16] or intra-molecular tunneling in vertically stacked QD-molecules [17, 18] . Moreover, in coherent optical exciton control experiments, coupling to acoustic phonons dominates the damping of Rabi oscillations [19, 20] , limiting state preparation and control fidelities and the scope for possible applications. However, in other cases the coupling to acoustic phonons was exploited instead, e.g. for the high-fidelity spin initialisation by tunnel ionisation [21] or for achieving population inversion in electrically driven quantum dots [22] . Recently, Glässl et al. [23] proposed that high-fidelity preparation of excitonic states could be achieved by exploiting the coupling of the dressed excitonic states to a quasi continuum of vibrational modes. Their approach involves to combining the relative advantages of both Rabi oscillations and rapid adiabatic passage [24, 25] by making use of phonon-mediated relaxation in the presence of a strong, near resonant pulsed optical field.
In this paper we investigate the phonon-assisted preparation of neutral exciton (X 0 ) and biexciton (2X) states in QDs using pulsed resonant fluorescence and compare the results with coherent resonant excitation. We present resonant fluorescence measurements of the neutral exciton transition for ps-pulsed excitation and demonstrate Rabi oscillations for pulse areas up to 10 π. When detuning the laser from the exciton transition, we observe phonon-assisted population inversion for positive detuning of ∼ 0 − 2 meV reaching a maximum state preparation of ≥ 70% for a detuning of ∼ 0.7 meV . Via power and detuning dependent measurements, we probe the dynamics of this process and map out the spectrum of the exciton LA-phonon coupling. Similar methods are shown to facilitate the biexciton preparation with twophoton Rabi oscillations for resonant pulses and high fidelity phonon-assisted two-photon biexciton preparation for detuned pulses. Our results are in full accord with the findings of very recent theoretical [23] and experimental works [26, 27] illustrating that dissipative processes can be used for reliable quantum state preparation.
The sample investigated is grown by molecular beam epitaxy (MBE). On top of a 14-pair λ/4 GaAs/AlAs distributed Bragg reflector (DBR) a layer of low density InGaAs QDs is centered in a nominally 260 nm thick GaAs layer acting as a weak micro cavity resulting in a high photon extraction efficiency from the surface of the sample [12] . A 95 nm thick n-doped layer below the QDs and a Ti/Au metal top contact form a Schottky diode that facilitates control of the electric field and, thereby, the energies of excitonic transitions in the QD using the DC Stark shift [28] . The separation between the QDs and the doped layer is chosen to be 35 nm to achieve charge stability and sequential charging with electrons due to tunneling between the QD and the electron reservoir. Typical voltage dependent photoluminescence (PL) measurements of a single QD using above bandgap excitation at E Laser = 1952.5 meV are presented in figure 1a . The data shows clear charging plateaus for the neutral exciton transition X 0 and the negatively charged exciton X − with charge stability for the neutral exciton X 0 from V gate = 0.12 V to V gate = 0.24 V . We note here that all data presented throughout this manuscript were obtained at a lattice temperature of T = 4.2 K. For the remainder of the manuscript we focus on resonant fluorescence (RF) spectroscopy with linearly crosspolarised suppression of the excitation laser as described in detail in references [29, 30] . Thereby, we used a fspulsed Ti:Sa laser and 4f pulse-shaping to obtain tunable picosecond pulses with a temporal bandwidth of ∼ 10 ps [10, 20, 31] corresponding to a spectral bandwidth of ∼ 0.22 meV . The luminescence intensity obtained from the neutral exciton X 0 under resonant pulsed excitation is presented in figure 1b for a fixed bias of V gate = 0.175 V . Note, that in order to fully eliminate light scattered from the laser, we record a spectrum at the voltage of interest V on = 0.175 V and then subtract a spectrum obtained at V of f = 0 V , where PL emission is fully quenched (see Fig.1a ). In this way, the RF signal colour coded in blue in Fig.1b stems only from the QD and its intensity is directly proportional to the neutral exciton population X 0 . It is well known, that for a laser field at energy E L resonantly driving the neutral exciton transition E X0 = E L (Fig 1b -inset) , the coherent interaction between the laser field and the QD will lead to population oscillations between the crystal ground state cgs and the neutral exciton X 0 as well as dressing of the exciton state [3, 19] . To investigate the coherent interaction between the laser and QD as well as the possibility of phonon-assisted population inversion, we present in figure 1c the population of the neutral exciton X 0 as a function of the pulse area θ of the driving laser field. To extract the exciton population X 0 , we normalized the intensity of the RF signal I RF to the intensity of a π pulse corrected for damping corresponding to an initial amplitude I 0 [3] . The normalized intensity I RF /I 0 corresponding to the X 0 population is plotted with a guide to eye (dashed line) in Fig. 1c , revealing clear, damped Rabi oscillations up to pulse areas of 10π confirming the coherent nature of the light-matter interaction. Note that due to the damping we measure a maximum exciton population X 0 of 89% for resonant excitation upon exciting the system with a π pulse. Significant damping of the Rabi oscillations in figure 1c is observed with increasing pulse area due to coupling to acoustic phonons [19, 20] with the population decreasing towards the incoherent limit of ∼ 50% at the highest pulse areas explored.
We continue to perform measurements for different energy detunings ∆ X0 = E L − E X0 between driving laser and the neutral exciton transition X 0 (Fig 1d -inset) . The results are presented in figure 1d that shows the population of the neutral exciton state X 0 as a function of the pulse area for typical detunings of ∆ X0 = +0.69 meV , +2.12 meV and +3.96 meV respectively. Note that all the detunings ∆ X0 presented are significantly larger than the bandwidth of the driving laser pulse of ∼ 0.22 meV . In contrast to the situation on resonance, a continuously increasing and saturating population is observed with increasing pulse area θ rather than Rabi oscillations. A maximum population of 72% is reached for a detuning of ∆ X0 = +0.69 meV , well above the inversion limit of 50% and only 17% smaller than the maximum population created via a resonant π-pulse (Fig 1c) . We note that for larger ∆ X0 the increase slows and saturates at a lower maximum population. This behaviour is well described by a recent theoretical proposal from Glässl et al. [23] whereby phonon-assisted dissipation enhances the achievable exciton population for positive ∆ X0 . The energy separation of the dressed states is increased by the optical field into a range where efficient coupling to LAphonons occurs [26, 32] facilitating dissipative relaxation into the energetically lower lying dressed state that has predominantly excitonic character.
To investigate the fidelity and energy range of phononassisted state preparation, we performed experiments with a fixed laser pulse area while varying the detuning between laser and exciton transition ∆ X0 = E L − E X0 . Selected results of these experiments are presented in figure 2a, showing the X 0 population as a function of the laser energy detuning ∆ X0 for pulse areas of 1π, 5π, 10π and 15π, vertically offset for clarity. Figure 2b shows a false colour image of all data collected. For a pulse area θ = 1 π only a sharp resonance is observed at the energy of the exciton transition E X0 . In contrast, with increasing power this resonance broadens and becomes asymmetric due to the coupling to LA-phonons and low temperature that prohibits phonon absorption [23] . The detuning, for which a maximum exciton population is generated, shifts to ∆ X0 = +0.69 meV for pulse areas of 15π, since for resonant excitation at ∆ X0 = 0meV the damping of the Rabi oscillations reduces the population to ∼ 50%, whereby phonon-assisted exciton generation becomes more efficient for ∆ X0 ≥ 0. We measure a maximum exciton population X 0 via phonon-assisted preparation of P (∆ X0 =+0.32meV ) = 53±0.8%, P (∆ X0 =+0.56meV ) = 68 ± 1.1% and P (∆ X0 =+0.69meV ) = 0.72 ± 0.8% for 5π, 10π and 15π pulses, respectively. Since these values also directly correspond to the state preparation fidelity, we note that for larger pulse areas than 10π, the phononassisted route guarantees higher state preparation fidelities than resonant excitation.
For pulse areas of θ = 5π, 10π and 15π, a second resonance is observed at a detuning of ∆ X0 = −2.2 meV , labelled E 2P hoton2X in Figs. 2a and 2b . Similar to the neutral exciton resonance, this feature exhibits a sharp peak for a pulse area θ = 5π and asymmetrically broadens for larger pulse areas. Energetically E 2P hoton2X lies exactly midway between X 0 and 2X, which are seperated by ∆ bind = −4.4 meV (see Fig. 3a ) for the QD under investigation. Therefore, this feature is identified as arising from resonant two-photon excitation of the biexciton 2X as will be discussed further below. The neutral exciton is in this case populated by incoherent radiative decay from the biexciton 2X.
In order to support the identification of the experimental features observed in figs 2a and 2b we simulated the expected form of the detuning dependent RF-data. Hereby, we first used the quantum toolbox in python (QuTiP [33] ) to diagonalize the free Hamiltonian including the time dependent driving of the laser pulse at each time step, including exciton and biexciton states, without coupling to phonons. Thereafter, we computed the Bloch-Redfield tensor for each step [34] representing the interaction with the phonon bath using a bulk phonon spectrum described in ref [35] . The quantum state of the system was then evolved in the interaction picture to obtain the final state population presented in fig 2c. Excellent qualitative agreement is observed between the results of our simulations (fig 2c) and experiments (fig 2b) for a QD with electron and hole confinement lengths of a e = 4.9 nm and a h = 2.1 nm. To further support our interpretation of the additional absorption line being due to the two-photon excitation of the biexciton, Fig. 3a shows the RF spectrum obtained when the laser excitation energy is set to E L = E 2photon2X = 1350.0 meV fulfilling the condition E L = (E 2X + E X0 )/2 as illustrated in the inset. The spectrum displays two sharp peaks, one at the energy of the X 0 → (cgs) transition (blue shaded) and one at the energy of 2X → X 0 transition (red shaded), separated by a binding energy of ∆ bind = −4.4 meV . To investigate the coherence of the 2 photon-biexciton 2X transition, we plot the integrated intensity of the biexciton 2X marked in red in Fig.3a as a function of the square of the excitation pulse area for pulses resonant with the two-photon transition ∆ 2photon2X = 0 meV . As can be seen in figure 3b , well resolved damped Rabi-type oscillations are observed demonstrating coherent non-linear light-matter interaction [36] . Note that to extact the biexciton population 2X, we normalize the intensity I 2X to the intensity of a π pulse corrected for damping I 0 and plot I 2X /I 0 . Strikingly, the oscillations presented in Fig.3b are not periodic with the pulse area θ like Rabi oscillations of the exciton transition X 0 but rather exhibit maxima that scale proportional to the square of it θ 2 . In adidition, the frequency shows a clear renormalization for high excitation powers of π 2 > 200. Both effects support the identification of this feature as arising from a two photon process [36] .
Finally, we turn our attention to the phonon-assisted preparation of the biexciton 2X. Figure 3c shows the measured 2X population while exciting with laser pulses detuned from the two-photon resonance by ∆ 2P hoton2X as illustrated in the inset. The traces in Fig.3c were recorded using excitation powers corresponding to pulse areas of 5π, 10π and 15π similar to the spectra presented earlier for the exciton transition X 0 in Fig.2a . While (phonon-assisted) excitation of the exciton transition X 0 results in PL from the exciton only, the (phonon-assisted) excitation of the two-photon biexciton transition results in PL from both X 0 and 2X. For higher pulse areas of 5π, 10π and 15π, the biexciton population 2X created by phonon-assisted two-photon absorption (Fig.3c) has a similar form as the phonon-assisted exciton preparation population in Fig.2a . In particular, for an excitation power of 15π the intensity observed from the exciton transition is identical for phonon-assisted preparation via both exciton and biexciton states. This further supports that the X 0 population observed in Fig.2a for negative detunings ∆ X0 arises from the decay from the biexciton to the neutral exciton 2X → X 0 after a phonon assisted two-photon biexciton 2X creation. We also note that the preparation of the biexciton 2X is possible with a high-fidelity above 80% as seen in Fig.3c for an excitation pulse area of 15π in a phonon-assisted process. The deterministic and fast high-fidelity preparation of a biexciton could be used for the generation of polarisation entangled photon pairs from the biexciton-exciton cascade [2] . However, in contrast to a coherent excitation of the two photon resonance with a π pulse, the phonon assisted state preparation does not require a high-precision control of the excitation power and, thereby, is less sensitive to decoherence, making this process promising for future quantum-optical applications.
In summary, we have presented ultrafast resonant fluorescence studies illustrating how dissipative processes can be used for high fidelity state preparation of excitons and biexcitons in a single quantum dot. For pulses resonant with the exciton transition or two photon biexciton transition we observed Rabi oscillations up to pulse areas of 10 π. For detuned pulses, we demonstrated a high fidelity phonon-assisted excitation of exciton or biexciton states. Using detuning and power dependent measurements we demonstrated that phonon-assisted state preparation is possible with fidelities identical to resonant coherent excitation and mapped out the spectrum of the exciton to longitudinal acoustic phonon coupling.
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